Introduction cycle. The highest frequencies of cells in the S phase
The basic mechanisms of cell cycle control are conserved could be observed 2 h after removal of hydroxyurea in all eukaryotes (for review see Doonan and Fobert, [35] [36] [37] [38] [39] [40] . The cells reached increased G2 phase fre-1997; . There are two main checkpoints quencies (60-70%) between 8-14 h, while the maxin the eukaryotic cell cycle: at late G 1 , before DNA imum number of mitotic cells (12-14%) were found replication, and at the G 2 /M cell cycle phase boundary, between 14-17 h. Northern analysis of total RNA from before mitosis. Cell cycle progression is dependent on the the synchronized cells indicated an increased level of activity of different heteromeric protein kinase complexes transcripts from two histone (H3Zm, H4Zm) genes with cyclin-dependent kinases (CDKs) as catalytic, and during the S-phase. The changes in the mRNA levels cyclins as regulatory subunits. The fine control of timing of the maize cyclin variants CycB1;zm;1, CycB1;zm;2 and co-ordination of cell cycle events is based on the and CycA1;zm;1 support the classification of these tight regulation of the activity of these CDK complexes.
cyclins as mitotic cyclins with transcript accumulation
This regulation is rather complex and involves different during the G 2 /M cell cycle phases. Using the maize levels including transcription, protein-protein interaction retinoblastoma (ZmRb-1) cDNA as hybridization probe, and phosphorylation/dephosphorylation (Nigg, 1995) . two transcripts were detected with different hybridizaAlthough these control mechanisms exist in all type of tion intensity: the smaller, more abundant transcript eukaryotes, there are differences: for example, in plants, was recognized during the whole cell cycle with an unlike in yeast or animal cells, not only the various cyclin increase after the release of the cells from the hydrogenes but the genes of specific CDK variants also exhibit xyurea block, while the larger mRNA could only be strongly cell cycle phase-dependent expression (Dudits detected for 8 h after removal of hydroxyurea. The ZmRb-1 gene might respond to the increase of Magyar et al., 1997) .
through a 200 mm mesh were cultured further. The suspensions
The expression pattern of cell cycle-regulated genes has were subcultured weekly at 8% cell density (w/v).
been well studied in a broad range of organisms from yeast to humans including higher plants (for a review,
Cell synchronization and analysis . In maize, several cell cycle-related cDNA Hydroxyurea (HU, 5-20 mM final concentration) was added clones coding for histones, cdc2 homologues, cyclins, and to 200 ml of 3-d-old culture. The stock solution of HU the retinoblastoma protein have been isolated and (500 mM ) was prepared by freshly dissolving the drug in the medium taken from the cell suspension that was to be treated, characterized (Colasanti et al., 1991; Philipps et al., 1986;  followed by filter sterilization (0.2 mm). The cell suspension was Renaudin et al., 1994; Xie et al., 1996) . Although the subjected to HU treatment for 36 h under normal culture expression pattern of some of them could be correlated conditions. 2-3 h before the end of the HU treatment, with cell division activity in different tissues (e.g. all of conditioned medium was collected by filtering from parallel cultures maintained exactly the same way as the treated ones the five cyclins are expressed in the apical meristem, but without adding HU. In order to remove HU from the young ears and 30-d-old embryos but not in fully differcultures completely, the cells were filtered through a 50 mm entiated leaves), limited information is known about the mesh, resuspended in HU-free medium and extensively washed transcriptional control of these maize genes during differwith approximately 5-10 vols of 30%-conditioned medium for ent phases of the cell cycle.
2 h with sedimentation and decanting. After the last wash, cells were subcultured in the same conditioned medium used
In order to assess transcriptional regulation of cell cycle for washing.
genes, direct and indirect methods are available. The
Synchrony was monitored by mitotic index and nuclear DNA indirect method is based on double-target in situ hybridcontent analysis in samples taken before and after the washing ization using a combination of two probes, one of which procedure and every 3 h subsequently. Cells were fixed in 8%-formaldehyde-containing PBS for 2 h and stained by is a marker gene specifically expressed in a certain period 5 mg ml−1 4∞,6-diamidino-2-phenylindole (DAPI ) for mitotic of the cell cycle and the other is the gene of interest index determination using fluorescence microscopy. Nuclei were (Fobert et al., 1994) . The direct method is the synchronreleased from a small aliquot of cells into Galbraith's buffer ization of cells in cell division and the analysis of the (Galbraith et al., 1983) with increased Triton-X-100 content fluctuations of mRNA levels during cell cycle progression. including the most widely used tobacco BY-2 or alfalfa Nuclei were stained with EtBr (5 mg ml−1) and used for flow A2 cell cultures ( Kapros et al., 1992; Nagata et al., 1992) . the most effective is the treatment of the cells with reversible cell cycle blockers like hydroxyurea (HU )
Northern hybridization ( Kapros et al., 1992) , aphidicolin (Sala et al., 1980) or At the same time points indicated above for mitotic index and
propyzamide (Akaski et al., 1988) .
DNA content determinations, approximately 500 mg of cells Due to the difficulties in plant cell synchronization, the were quickly frozen in liquid N 2 for total RNA isolation using cell cycle-dependent transcription of putative cell cycle the acidic phenol/guanidinium method (Chomczynski and Sacchi, 1987) . 25-50 mg total RNA was loaded on 1.2%
genes were characterized only in few plant species like formaldehyde-containing gels and analysed by Northern hybridalfalfa, tobacco and Catharanthus roseus  ization using radiolabelled probes of different cell cycle genes. Kapros et al., 1992; Magyar et al., 1997; Nagata et al., Radiolabelled probes were generated by random-primed 32P-1992). Recently, cell cycle genes of a monocot, rice, were labelling from the cDNA fragments containing the whole coding region of CycB1;zm;2, H3Zm, H4Zm (Colasanti et al., 1991;  transcriptionally characterized in cells synchronized at a Philipps et al., 1986; Renaudin et al., 1994) . Shorter specific low degree by hydroxyurea or colchicine (Sauter, 1997) .
probes were prepared by PCR amplification for cdc2zm,
In this paper, the improved conditions to reach a reproduCycB1;zm;1, and CycA1;zm;1 using the primers shown in cible and sufficiently high cell division synchrony in maize Table 1 . The PCR fragments were sequenced by the dideoxy are described, which allowed the determination of fluctuchain termination method using an automatic DNA sequencer (model No.373; Applied Biosystem, Foster City, CA). In order ations in relative mRNA levels of selected cell cycleto detect ZmRb-1 transcripts, a 3.7 kb partial cDNA clone was related genes in relation to the different cell cycle phases.
used ( Xie et al., 1996) . Hybridization was carried out overnight using standard procedures (Sambrook et al., 1989) and filters were washed at high stringency (65°C, 3×20 min) with a phosphate-based washing solution (Chomczynski and Sacchi,
Materials and methods

1987).
Plant material and maintenance of the cultures The He/89 ( Ke2/2) maize cell culture was maintained in N6M
Results and discussion liquid medium exactly as described previously (Mó rocz et al.,
The HE/89 embryogenic maize line (Mó rocz et al., 1990) fast-growing cell suspension with a cell doubling time of Results from flow cytometric analysis of a representative experiment are shown in Fig. 1 . approximately 1 d. The auxin concentration was doubled in the medium (1 mg l−1) and the cells were subcultured As shown by Figs 2 and 3, mRNA levels of histone H3 and H4 genes were already increased 2 h after washing weekly for several months under these conditions at a relatively high cell density (8%). Only the finest cell out the inhibitor, with a clear peak at 5 h. This is the time period when the frequency of S-phase cells is elevated clusters selected with filtering through a 200 mm nylon mesh were subcultured. This culture method resulted in in the culture, although the highest histone transcript levels does not coincide with the highest frequencies of a very fine cell line which was further used for the optimization of cell cycle synchronization parameters. It cells in S phase (Figs 1, 2, 3) . This can be the result of the presence of HU, the washing procedure during the was found that the hydroxyurea concentration and the washing conditions were the most critical factors in this first 2 h, the 1 h delay obtaining samples for flow cytometry as compared to sampling for RNA isolation due to procedure. The lowest concentration of HU suitable for the cell synchronization (no mitotic cells after 36 h of the protoplastation step required for the release of nuclei (see Materials and methods) and/or to the weakness of application) was found to be 5 mM at the 8% cell density used. Concentrations higher than 5 mM inhibited the the flow cytometric analysis to distinguish early S phase nuclei from G 1 nuclei and late S phase nuclei from G 2 subsequent progression of the cells through the cell cycle as indicated by a shift in the peak of the mitotic index nuclei. A second peak in histone mRNA level was detected after 20 h. This reflects the fact that the cells entering the from 15-24 h after the removal of the drug (data not shown). This could be the result of a toxic effect through next cycle still retain a considerable level of synchrony (around 25% S phase at 23 h). The detection of low levels inefficient removal of the higher amount of the inhibitor. To release the cells from the division block, washing was of histone transcripts throughout the cell cycle might result from partial synchrony or from cross-hybridization carried out during a 2 h period with several volumes of conditioned medium. Conditioning was achieved by with constitutively expressed histone variants. During germination of maize seeds, histone H3 and H4 mixing fresh medium with the cell-free medium of a parallel, untreated culture at 251 ratio. Washing and mRNAs also accumulate in parallel with the onset of DNA synthesis (Chaubet and Gigot, 1998) . These results culturing the cells in the conditioned medium reproducibly increased the mitotic index by 4-5%. Based on the are also consistent with the results obtained in alfalfa, rice and tobacco where there is a strict temporal correlaoptimized cell culture (uniform, fine cell colonies; 3-d-old cell culture initiated at 8% cell density; 1 mg l−1 2.4-D) tion between histone gene expression and the S-phase of the cell cycle (Chaubet and Gigot, 1998). Maize histone and treatment parameters (5 mM HU for 36 h; extensive washes with 30%-conditioned medium) it was possible gene expression also coincides with the expression of a chimeric wheat histone H4 promoter-GUS reporter gene reproducibly to reach around 35% synchrony in the S-phase and 10-15% in mitosis (counting only meta-, fusion in partially synchronized transgenic maize cells (Bilgin et al., 1999) . The promoter elements and some of ana-, and telophase cells) with the S-phase peak 2 h and the mitosis peak 15 h after completing the washing the transcription factors responsible for the replicationdependent expression of plant histone genes have already process.
In order to reveal cell cycle-related changes in the been identified in the above species (Chaubet et al., 1996; Iwabuchi et al., 1998) . transcript levels of several maize cell cycle genes, three independent synchronization experiments were carried
The sequence analysis of a high number of known plant mitotic cyclins show that they belong to two classes, out using the above-described optimized protocol. Flow cytometry and mitotic index determinations revealed that namely CycA and CycB, and within these classes they are clustered in three CycA groups and two CycB groups following the hydroxyurea block, around 55% of the cells were in G 1 phase (2C ), 30% in S phase (2C<S>4C ) (Renaudin et al., 1996) . Members of the two main classes have different putative functions and they might have and 15% in G 2 phase (4C ) of the cell cycle and between 8 h and 14 h after removing the HU the majority of cells differential expression patterns during the cell cycle: A-type cyclins in general are expressed earlier, already were in G 2 phase, while between 14-20 h the highest number of mitotic cells (12-14%) were found ( Figs 1, 2) .
being present during S-phase, while B-type cyclins exhibit CycB1;zm;2 and CycA1;zm;1 genes could be detected ( Figs 2, 3 ), but no traces of CycB2;zm mRNA were present in these total RNA blots. This might be due to lower level of expression of certain cyclin genes and the insufficient sensitivity of the Northern analysis for their detection. is clearly stronger at 17 h (Fig. 3) . The mRNA of this removal, which may reflect its stronger and earlier expression as compared to the studied B-type maize cyclins. Up to now, two CDK cDNAs have been cloned from a more strict G 2 /M-phase specific expression (Renaudin et al., 1996) . Promoter elements of tobacco mitotic cyclin maize (Colasanti et al., 1991) . These two CDK genes are the homologues of the yeast cdc2 gene and show close genes directing M-phase specific transcription have recently been identified . Based on the homology (98% similarity in protein sequence and 96% in DNA sequence), which indicates that they originate sequence data, the four maize cyclins represent the A1, B1 and B2 groups ( Renaudin et al., 1996) , but the probably from gene duplication and have similar function (Sunderesan and Colasanti, 1998) . The tissue-specific transcriptional regulation of these genes during cell cycle progression has not been studied so far. In partially expression level of these genes was also analysed (Colasanti et al., 1991) and the cdc2zm transcripts were synchronized maize cells, transcripts from CycB1;zm;1, Fig. 4 . Experiment 3. ZmRb-1 transcript levels in partially synchronized maize cells. Samples were isolated and flow cytometry was carried out as described in Fig. 3 and in the text. The duration of the cell cycle phases was estimated on the basis of flow cytometric measurements of relative DNA contents in 10 000 nuclei and counting mitotic frequencies in 1000 cells, as shown in the autoradiograms. Probes used for the Northern analysis were: full-length cDNA clones of the maize retinoblastoma homologue ZmRb-1; histone H4 and the clone m136 coding for a glycine-rich protein as loading control. The two transcripts (the more abundant at 2.7 kb and another at 3.7 kb) recognized by the ZmRb-1 probe are signed by arrowheads. (Asterisk indicates the time point when HU removal is completed.) tion efficiency or simply might mean a lower expression level. These two transcripts correspond to the size of transcripts already detected in maize roots and leaves proved to be present in higher amounts in tissues containing dividing cells in comparison to mature or diff- ( Xie et al., 1996) , and they may represent two alternatively polyadenylated gene expression products (Ach et al., erentiated tissues. In plants, the expression of the cdc2 homologues is considered to be linked not only with the 1997). It should be noted that there is an apparent contradiction between the data obtained at the mRNA progression of the cell cycle, but also with competence for cell division: cells with high competence to divide, as and at the protein levels. The anti-C-terminal ZmRb-1 antibody produced by Huntley and co-workers (Huntley those from the basal part of maize leaves, retain cdc2 expression (Colasanti et al., 1991; Hemerly et al., 1993 Hemerly et al., ). et al., 1998 only detected one Rb protein of 110 kDa in maize leaves and cell cultures, which is larger than That is why it is not surprising, that these cognate plant cdc2 genes are expressed more or less constitutively during the translated functional polypeptides (approximately 70 kDa) of the cDNAs detected in Northern experiments the cell cycle; however, other plant specific members of the CDK protein family were shown to have cell cycle (Grafi et al., 1996; Huntley et al., 1998; Xie et al., 1996;  and this work). To resolve this apparent contradiction phase specific transcription (Magyar et al., 1997) . It can be confirmed that cdc2zm mRNA levels in partially further experiments are needed. In the experiments reported here, the 2.7 kb transcript was detected during synchronized maize suspension culture cells reflects only slight changes in the more or less constitutive expression the whole cell cycle; however, at the time of the HU block and during the release from the block, where the pattern (Fig. 3) .
The expression pattern of the maize retinoblastoma cells are at the G 1 /S border, this size of transcript was present in higher quantities and this increased level was gene in the synchronized maize cell suspension was also analysed ( Fig. 4) . In cultured maize cells, two sizes of maintained during the entire S-phase ( Fig. 4 ; 0-8 h). Increase in the frequency of S-phase cells during this retinoblastoma transcripts could be detected by using a period was confirmed by elevated histone gene transcripmight reflect an additional level of regulation of S phase progression in plants. tion (Fig. 4) . Upon entering into M-phase, between 14 and 20 h after HU removal, both Rb bands decreased in intensity; the larger (3.7 kb) transript was hardly detectAcknowledgements able during this period. The abundance of ZmRb-1 transcripts did not increase during the S phase of the The maize histone H4 cDNA clone and the maize cyclin cDNA clones were kindly provided by C Gigot and J-P Renaudin, In mammalian cells, retinoblastoma protein is a negative regulator of the cell cycle with major roles in differentiation and apoptosis (Herwig and Strauss, 1997 cytokines (Herwig and Strauss, 1997 (Huntley et al., 1998 for S-phase, but since it was possible only partially to plants (Magyar et al., 1997) , while increased retino- 
